Purpose: Critically ill patients experience significant sleep disruption. In this study of ICU patients with delirium, we evaluated associations between the loss of stage N2 features (K-complexes, sleep spindles), grade of encephalopathy based on electroencephalography (EEG), and intensive care unit (ICU) outcomes. We hypothesized that loss of stage N2 features is associated with more severe grades of encephalopathy and worse ICU outcomes including death. Materials and methods: This was an observational cohort study of 93 medical ICU patients without primary acute brain injury who underwent continuous EEG. Type and severity of critical illness, sedative-hypnotic use, length of stay, modified Rankin Scale at hospital discharge, and death during hospitalization were abstracted from the medical record. EEG was evaluated for grade of encephalopathy and sleep features. Results: Patients without K-complexes or without sleep spindles had more severe encephalopathy and higher odds of death. The odds ratio for patients without K-complexes was 18.8 (p = .046). The odds ratio for patients without sleep spindles was 6.3 (p = .036). Conclusions: Loss of stage N2 features is common and associated with more severe encephalopathy and higher odds of death. The absence of either Stage N2 feature, K complexes or sleep spindles, may have important prognostic value.
Introduction
Patients in the intensive care unit (ICU) commonly experience sleep disruption [1, 2] . Sleep disruption during critical illness has been proposed as a major contributor to ICU delirium [3] . ICU delirium is associated with poor cognitive outcomes in ICU survivors and increased mortality [4] [5] [6] . Understanding sleep disturbance in the ICU is an important avenue of investigation for delirium prevention and treatment.
Typical sleep features, as identified by polysomnography, are often absent in critically ill patients [2, [7] [8] [9] , and alternative sleep categories have been proposed [7, 9] . "Atypical sleep" is an important subtype of abnormal sleep that has been identified in about one-third of medical ICU (MICU) patients. Loss of stage N2 features (i.e., K-complexes and sleep spindles) is a hallmark of atypical sleep [2, 7, 8] . Rapid eye movement (REM) sleep and slow wave sleep are also severely diminished, however, this feature is not unique to patients with atypical sleep. The clinical significance of the loss of stage N2 features is not well understood.
Like "delirium," encephalopathy is a broad term for alteration in mental status. Encephalopathy can be graded according to the degree of change in background electroencephalography (EEG) frequency; background change in EEG frequency can range from mild to severe slowing [10, 11] . Acute toxic-metabolic encephalopathy is common in the MICU and is less well studied than encephalopathies caused by structural brain disease or anoxic injury [12] . Sleep disruption is often considered a clinical symptom of encephalopathy but is not a required part of diagnosis [12, 13] . Sleep architecture, including stage N2 features, is not part of EEG grading of encephalopathy.
Limited data exist regarding the clinical significance of loss of Kcomplexes or sleep spindles, and their relationship with EEG graded encephalopathy [7, 8, 14, 15] . Previous work has indicated that as many as one third of MICU patients have an absence of these stage N2 sleep features [2] . Of these patients, 44% had clinical evidence of delirium on the day of polysomnography whereas only 18% of patients with N2 sleep features were clinically delirious [2] . In other cohorts, atypical sleep has been seen in patients with and without clinical correlates of delirium and in sedated patients [7, 8, 16] . In a larger study of 142 encephalopathic patients (more than half with acute brain injury), the preservation of K-complexes was associated with more favorable ICU outcomes [17] .
Our aims were to evaluate the associations between loss of K-complexes or sleep spindles and (1) grade of encephalopathy, (2) patient factors, and (3) critical illness outcomes in a MICU population. We hypothesized that the loss of K-complexes or sleep spindles is associated with higher degrees of encephalopathy, higher severity of illness, sedative-hypnotic use, and worse ICU outcomes including death.
Materials and methods

Study design and patient population
This was a retrospective observational cohort study. We selected a sample of consecutive MICU patients who underwent continuous EEG as part of their usual care from November 2013 to January 2016; patients were identified via our institutional continuous EEG repository. The Institutional Review Board approved study activities with a waiver of consent (HIC #1111009342). Study patients had to have at least 12 h of monitoring which included the overnight period (20:00 to 06:00). For patients with prolonged monitoring, only the first 24 h of EEG record was evaluated. This investigation focused on critically ill patients at risk for toxic-metabolic encephalopathy, and therefore patients with acute brain injury or advanced dementia diagnosed prior to EEG start were excluded. Primary acute brain injury was defined as one the following within 30 days prior to EEG: anoxic brain injury due to cardiac arrest, stroke or intracranial bleed, central nervous system infection, enlarging intracranial mass, or traumatic brain injury. Advanced dementia was defined as the inability to live independently secondary to cognitive impairment, not alert and oriented to self, or non-verbal and bedbound. Due to the exclusions from brain injury, the reason for continuous EEG was limited to either mental status change or concern for seizure.
Patient factors
Patient demographics, medical history, medication use, and admitting diagnosis were abstracted from the medical record. The Acute Physiology and Chronic Health Evaluation II (APACHE II) score was abstracted and calculated according to published algorithms [18] . Richmond Agitation Sedation Scale (RASS) scores and mechanical ventilation status were also abstracted. A validated chart review for delirium was used to determine if patients were delirious on the day of EEG; this chart review has a specificity of 85% (95% CI 80-90%) in ICU patients [19, 20] . Psychoactive medications including narcotics, benzodiazepines, propofol, and dexmedetomidine were recorded from the time of MICU admission until EEG discontinuation. The reason for EEG was categorized as either mental status change or concern for seizure. Date and time of hospitalization, MICU admission, MICU discharge, hospital discharge, and EEG start and end were recorded. Death during hospitalization and functional status at discharge were recorded. Functional status was assessed based on chart review of physical therapy discharge documentation and classified according to the modified Rankin Scale (mRS); mRS was then categorized as favorable (0 to 3) or unfavorable (4 to 6) [21] .
EEG scoring
Based on the 10-20 system, a full montage of EEG, right and left electrooculogram, and chin electromyogram leads were applied per standard procedure by certified EEG technologists. A boardcertified neurophysiologist (EJG) reviewed all EEGs in 10-s epochs for reactivity, variability, state changes, rhythmic and periodic patterns, electrographic seizures, and EEG background abnormalities. Reactivity was defined as a change from baseline in amplitude or frequency of cerebral activity (appearance of muscle artifact did not qualify as reactive) in response to vocal, tactile, or noxious stimulation, and variability as a spontaneous change in the frequency of background rhythms or amplitude not related to overt stimulation. State changes were defined as spontaneous variation in the frequency of background rhythms or amplitude corresponding to transitions from one state to another. As defined by the American Clinical Neurophysiology Society, periodic discharges, rhythmic delta activity, and electrographic seizures were also scored according to standard criteria [22] . Grade of encephalopathy (i.e., background abnormalities during the patient's most awake state) were scored according to the following [10, 11] : Grade I (mild): predominant posterior dominant rhythm in the alpha frequency range, regular and reactive, with intermittent theta activity; Grade II (mild-moderate): predominant theta, often reactive, with or without alpha, intermittent delta activity; Grade III (moderate, moderate-severe): widespread delta (reactive or non-reactive), or spindle coma; Grade IV (severe): suppression-burst pattern; alpha, beta or theta coma pattern; diffuse attenuation(b20uV); Grade V: continuous suppression (no definite activity N2uV). Sleep montage EEG utilized a subset of electrodes: F4, C4, O2 (referenced to M1) and F3, C3, O1 (referenced to M2). A board-certified sleep and critical care physician (MPK) reviewed all EEGs in 30-s epochs for sleep stage features based on sleep montage EEG, electrooculogram, and electromyogram leads; American Academy of Sleep Medicine Scoring Manual 2.2 criteria were used [23] . We conducted the EEG review described above exclusively for research purposes; investigators were blinded to patient outcome at the time of EEG review.
Statistical analysis
Means (standard deviations) and counts (percentages) of continuous and categorical patient factors, respectively, were tabulated for patients with and without K-complexes and for patients with and without sleep spindles. Differences between groups were tested using either ttest or chi-square statistics as appropriate. Electroencephalographic characteristics were also tabulated for patients with and without Kcomplexes and with and without sleep spindles. The Fisher's Exact test was used to test for differences between groups in the percentages of participants in each grade of EEG-based encephalopathy. Patient outcomes, including MICU and hospital length of stay, mRS at discharge, and death while hospitalized were also tabulated for patients with and without K-complexes and with and without sleep spindles. Patient outcomes were compared among groups using t-tests for continuous variables and Fisher's Exact for categorical variables.
A multivariable logistic regression model was fit with a binary variable for death during hospitalization as the outcome, and the primary exposure was a binary indictor of absence of K-complexes. Because there were no deaths among persons with K-complexes, the adjustment for complete separation proposed by Firth was used in fitting the model. An indicator of moderate or severe encephalopathy relative to normal or mild grades served as the exposure of secondary interest. Patients with normal to mild (including "mild to moderate") were pooled and served as the reference group for moderate and severe (including "moderate to severe") encephalopathy. Additional covariates included age in ten-year increments, severity of illness (APACHE II score), presence of sepsis (binary variable), and time from hospital admission to EEG in days. Supplemental analyses fit the same multivariable logistic model of death during hospitalization by substituting a binary indicator of absence of sleep spindles for that of K-complexes. Model discrimination was assessed with the C statistic and calibration with the HosmerLemeshow goodness-of-fit statistic. All study data were recorded and managed in REDCap [24] . Analyses were conducted using either STATA version 14 or SAS version 9.4. Statistical significance was defined as a two-tailed p-value b.05.
Results
Patient screening and enrollment
A total of 268 patients met inclusion criteria; 175 patients with acute primary brain injury or pre-existing advanced dementia were excluded. Anoxic brain injury due to cardiac arrest (n = 82) was the most common reason for exclusion. Ninety-three patients were enrolled in the study (Fig. 1) . EEG indication was categorized as either change in mental status (68%) or concern for seizure (32%).
Patient factors
Patient data is presented in Table 1 for the overall cohort and by presence or absence of K-complexes; the same data grouped by presence or absence of sleep spindles are presented in Supplementary Table 1. All patients with K-complexes (n = 15) also had sleep spindles. Of the patients with sleep spindles (n = 20), most also had K-complexes (n = 15), but a small number of patients did not have K-complexes (n = 5). REM and slow wave (stage N3) sleep were seen in a single patient.
Mean age for all patients (N = 93) was 56.2 years, 48% were female, and 46% were non-white. The mean APACHE II score was 25.1. About one-third of patients had septic shock and about two-thirds of patients had acute respiratory failure; these categories were not mutually exclusive. Sedative-hypnotic use was frequent in this cohort, and 42% of patients were prescribed both narcotics and benzodiazepines on the day of EEG. Only one patient received dexmedetomidine; this patient did not have stage N2 features. In our cohort, there are no associations (Fisher's exact) between RASS score and opiate, benzodiazepine, or propofol use on the day of, day before or 2 days before EEG (data not shown). Patients with K-complexes were older (p = .04) and less frequently mechanically ventilated versus patients without K-complexes (p = .003). EEG placement was within 48 h of hospitalization for 53% of all patients. Patients with K-complexes demonstrated a shorter time to EEG placement from hospital admission (p = .04). Patients with K-complexes had a higher (better) RASS on the day of EEG (p = .02). All patients met criteria for delirium per validated chart review during the 24 h before EEG start. Table 2 examines the frequency of grades of encephalopathy for the overall cohort and by presence or absence of K-complexes. Full montage EEG revealed that 84% of patients had moderate, moderate to severe, or severe encephalopathy. Comparison of full montage EEG findings among patients with and without K-complexes demonstrated a statistically significant difference in the frequencies of encephalopathy grade. Patients with stage K-complexes had milder encephalopathy. There are cases of patients with K-complexes having moderate or worse encephalopathy and, conversely, cases of patients without K-complexes features having mild or better encephalopathy. These same patterns are also seen when comparing patients with and without sleep spindles (Supplementary Table 2 ). There was a higher frequency of state changes among patients with K-complexes versus patients without K-complexes (p = .04); otherwise, the listed EEG abnormalities did not vary by K-complex status.
EEG findings
Patient outcomes
Patient outcomes varied based on the presence of stage N2 features ( were shorter among patients with K-complexes (5.4 versus 8.7 days, p = .01) and sleep spindles (5.8 versus 8.8 days, p = .02). More patients with sleep spindles had a favorable mRS score at discharge versus patients without sleep spindles (40% versus 19%, p = .05). Similarly, more patients with K-complexes had favorable mRS outcomes at discharge; however, this difference was not statistically significant (40% versus 21%, p = .1). All patients with K-complexes survived hospitalization; 74% of patients without K-complexes survived hospitalization (p = .006).
Relative to patients with K-complexes and after controlling for grade of encephalopathy, age, severity of illness, presence of sepsis and time from hospital admission to EEG, the odds ratio of death during hospitalization for patients lacking K-complexes was 18.8 (p = .046). The multivariable model with absence of K-complexes exhibited good discrimination (C statistic = 77%) and calibration (p-value of HosmerLemeshow statistic N0.05). In a corresponding multivariable logistic model of death during hospitalization, patients without sleep spindles had an odds ratio of 6.3 (p = .036) relative to patients with sleep spindles. (Supplementary Table 4) . When tested in either multivariable model, neither mechanical ventilation nor depth of sedation were significant predictors of mortality Table 4 .
Discussion
We enrolled critically ill MICU patients who underwent continuous EEG as part of routine care and who did not have primary acute brain injury or severe dementia; all patients were found to be delirious. In this study, we demonstrated that more than three-quarters of study patients lacked stage N2 features. Patients who lacked these features more frequently exhibited moderate or worse encephalopathy but occasionally had only mild or mild to moderate encephalopathy. Lack of stage N2 features was associated with worse MICU outcomes including higher odds of death and longer stays. A lack of sleep spindles was associated with lower functional outcome scores, and, there was nonsignificant trend in association between lack of K-complexes and functional outcome scores. These findings suggest that that stage N2 features may be a clinically important EEG feature in ICU patients without primary acute brain injury.
Loss of stage N2 features and encephalopathy could represent separate manifestations of brain dysfunction which frequently occur together. These processes likely share important risk factors. Critical illness prognostication with full montage EEG has previously been limited and has only recently focused on patients with acute nonhypoxic brain injury [12, 25] . As mentioned above, Sutter et al. found that the preservation of K-complexes in a mixed population of encephalopathic patients with and without acute brain injury was significantly associated with good outcomes [13, 17] . Others have demonstrated the prognostic importance of sleep elements in a variety of acute brain injury populations including patients with severe traumatic brain injury [26] , status epilepticus [27] , subarachnoid hemorrhage [28] , and anoxic brain injury [29] . Our work extends these findings to patients with toxic-metabolic encephalopathy and delirium and further supports the hypothesis that the maintenance of N2 sleep elements may be strongly associated with better patient outcomes.
Patients without stage N2 features were characterized by longer time to EEG placement, suggesting a potential link with sleep deprivation caused by the hospital environment. However, time to EEG placement was quite variable, and more than half of all patients had their EEG within 48 h of hospitalization. This argues against such a conclusion. The idea that loss of stage N2 features is present relatively early in hospitalization is reinforced by prior work by Roche Campo et al. in which 8 of 27 patients had atypical sleep (i.e., lacking stage N2 features) during the second, third, or fourth night of non-invasive ventilation. Because it was conducted in a cohort undergoing non-invasive ventilation, the work by Roche Campo et al. also suggests that continuous infusion or high doses of sedative-hypnotic medication are not strong factors in the development of atypical sleep. This is similar to our finding that there is no association between stage N2 features and the use of benzodiazepines, narcotics, or propofol on the day of EEG placement. The fundamental EEG characteristic of atypical sleep is loss of stage N2 features. Both the nomenclature of atypical sleep and the overlap with encephalopathy have been questioned [9, 14, 30] ; it is beyond the scope of this study to resolve such issues. We do suggest there is merit in developing a sleep staging paradigm beyond the standards used for healthy adults [15] . Our work here emphasizes that the absence of Kcomplexes or sleep spindles is significantly associated with death. This suggests that any sleep classification employed during critical illness should include loss of these stage N2 features as a central component.
Because all patients were delirious and had EEG performed as part of routine MICU care, a limitation of this study is that patients with normal mental status and mild encephalopathy were underrepresented. Therefore, these findings are not generalizable to the full spectrum of mental status observed in the MICU, but rather are restricted to MICU patients who experience delirium. Delirium is a major contributor to morbidity and mortality in critically ill patients [31] . In addition, this study cannot establish the timing of loss of stage N2 features. Therefore, we cannot establish causality or clarify the relationship between sleep disruption in the hospital and the onset of loss of N2 sleep architecture. Our multivariable model includes several nonsignificant covariates which, along with a modest sample size, contributed to large confidence intervals. However, we felt that it was important to control for fundamental patient characteristics such as age and severity of illness. Given the relationship between encephalopathy and loss of stage N2 features, we also felt that it was important to control for grade of encephalopathy when modeling death. Because we did not assess end-of-life decision making or alterations in goals of care during hospitalization, we could not assess how changes in goals of care may have impacted mortality. Finally, we were not able to collect mRS at the time of admission which precludes the assessment of the trajectory of functional status for patients in our study. This work sets the stage for a prospective study which would include EEG in critically ill patients representing the full range of normal to severely abnormal brain function.
Conclusions
This study suggests that changes in sleep architecture are associated with but potentially distinct from encephalopathy. Loss of stage N2 features does not appear to be associated with either medication use or severity of illness. Patients with loss of stage N2 features experienced longer lengths of stay and had higher odds of death during hospitalization. EEG sleep features may be important prognostic markers for critically ill patients.
